INTRODUCTION
Materials: Lipid standards, including 1-O-hexadecyl-2,3-dipalmitoyl-rac-glycerol, 1-Ohexadecyl-rac-glycerol and 1-O-octadecyl-rac-glycerol (batyl alcohol), were obtained from Sigma-Aldrich. [9,10-3H]-Octadecanol (7 Ci/mmol) was synthesized from radioactive oleic acid (Amersham) by catalytic hydrogenation of the fatty acid methyl ester with platinum oxide (15) , regeneration of the free stearic acid by saponification and subsequent reduction to the alcohol with lithium aluminum hydride (16) . Fatty aldehydes were synthesized from the corresponding fatty alcohols by oxidation with dipyridine chromic anhydride complex and subsequently purified by TLC as described (17) . The aldehydes were stored in hexane under a nitrogen atmosphere at -20º C. Standard silica gel G TLC plates (LK6D) and high performance TLC plates were obtained from 
Synthesis of 1-O-heptadecyl-glycerol:
This synthesis was adapted from Zheng et al (18) . glycerol product (R f of ~0.4) was checked by TLC using a solvent system consisting of CH 2 Cl 2 /ethyl acetate (65/35).
To further purify the product from minor contaminants, the methanolic solution containing the 1-O-heptadecyl-sn-glycerol product was dried under nitrogen and reacted with 1 mL pyridine and 0.5 mL acetic anhydride for 1 hour at 37° C. The acetylated product was purified by TLC using hexane/ether/acetic acid (60/40/1) as solvent. The acetylated 1-O-heptadecylglycerol product, which co-migrated on TLC with acetylated batyl alcohol (1-O-octadecylglycerol), was recovered by extracting the silica with methanol.
In order to regenerate the 1-O-heptadecyl glycerol, the acetylated product was dried under nitrogen, dissolved in 1.5 mL of 0.3 N-ethanolic sodium hydroxide and heated at 90° C for 2 hours. The purified product was then recovered by adding 2 mL of water and extracting twice with 3 mL of hexane. The combined hexane extracts were dried under nitrogen to give a white solid. The yield was ~60%.
Cells: Keratinocytes were routinely grown on lethally irradiated 3T3 feeder cells according to Rheinwald and Green (19) as modified by Randolph and Simon (20) .
Keratinocytes were grown at 37º C in medium with 5% FBS and harvested by scraping 7 days after reaching confluence. No attempt was made to remove feeder cells, which accounted for <5-10% of the cells in the post-confluent keratinocyte cultures. Skin fibroblasts were grown in Dulbecco's minimal essential medium with 10% fetal bovine serum, penicillin and streptomycin.
Enzyme assays: Cells were harvested by scraping and washed twice with PBS. Cell pellets were homogenized in 50 mM Tris-HCl, pH 8.0, 0.25 M sucrose using a motordriven glass-teflon homogenizer. FALDH was assayed using octadecanal as substrate (3) and FAO activity was determined using [3H]-octadecanol as substrate (21) . Cell protein was measured according to Lowry et al (22) . Enzyme activities were expressed as pmol/min/mg protein.
Lipid analysis: Cell pellets were collected by scraping and washed twice with PBS. Cell pellets were sonicated in 1 ml water using a probe sonicator and then homogenized using a motor-driven glass-teflon homogenizer. An aliquot (0.05 ml) of the cell homogenate was removed for protein determination (22) . For most analyses, 0.25 ml of cell homogenate was extracted overnight with 2.5 ml chloroform/methanol (1/1). After removing insoluble material by centrifugation, lipid extracts were washed according to Folch et al (23) prior to analysis. The major lipid classes (phospholipids and neutral lipids) were separated by high performance thin-layer chromatography (HPTLC) on 10 cm plates using modification of a 3-stage solvent system described by Macala et al (24).
The plates were prewashed by development with chloroform/methanol/water (60/35/8) followed by chloroform/methanol/acetic acid/formic acid/water (35/15/6/2/1). Lipids were dissolved in chloroform/methanol (1/1) and 5-10 μl was spotted in a 0.5 cm line at the origin (1 cm above the bottom of the plate). The plate was developed sequentially the plate. To better separate neutral lipids, the first solvent development was skipped and the plate was developed in the second solvent system to 40% up the plate, followed by toluene to the top. The plate was sprayed with 10% CuSO 4 in phosphoric acid and lipids were visualized by heating at 180º for 15 min. The plates were scanned and the images analyzed using SigmaGel software. A mixture of the following standard lipids was cochromatographed: sphingomyelin, phosphatidylcholine, phosphatidylethanolamine, cholesterol, triglyceride, 1-O-palmitoyl-2,3 dipalmitoylglycerol, wax ester (palmitoylpalmitate) and cholesterol oleate. Preliminary analyses were done to establish the linearity of detection for each lipid class to ensure that lipids did not exceed the linear range for quantitation. For every plate of cellular lipids, 5 lanes of varying amounts of lipid standards were simultaneously run to generate standard curves for quantitation. The amount of each cellular lipid was expressed as μg lipid/mg cell protein.
For fatty alcohol analysis, washed cell pellets were sonicated in water as described above. Free fatty alcohols were extracted and measured by gas chromatography according to Rizzo and Craft (6) . Phospholipids were isolated by TLC and transmethylated for determination of fatty acid and dimethyl acetal (DMA) composition by gas chromatography (25).
For measuring the wax ester content of the cells by gas chromatography, 10 μg of behenyl-arachidonate wax ester was added to the initial cell sonicate as internal standard.
Lipids were extracted according to Bligh and Dyer (26), dried under argon and spotted on a silica gel TLC plate. The plate was developed sequentially with hexane and toluene.
Wax ester regions were localized by exposure to iodine vapor, collected by scraping and recovered from the silica gel by extracting twice with 2 ml chloroform. After drying under argon, the wax esters were transmethylated with 1N methanolic-HCl. The fatty acid methyl esters and fatty alcohols were recovered by extracting with hexane, dissolved in dichloromethane and analyzed by gas chromatography on a Hewlett-Packard 5890 gas chromatograph equipped with a 30-m x 0.32 mm internal diameter HP-INNOWax column and flame ionization detector. The initial oven temperature was 150° C, injection temperature 220° and the detector temperature was 275°. After 1 min, the oven temperature was increased at 15° per min to 225°, followed by 5° per min to 260° for a final oven time of 2 min. Fatty alcohols and fatty acid methyl esters were identified according to retention times using appropriate standards. The amount of wax ester was estimated based on the sum of fatty alcohols (C14-18) recovered using behenyl alcohol (22:0-OH) as the internal standard, and the cell content of wax esters was expressed as μg/mg protein.
Structural analysis of 1-O-alkyl-diacylglycerol by GC-MS:
Keratinocyte lipids were extracted and separated by TLC as described above. The silica region corresponding to 1-O-alkyl-2,3-diacylglycerol was collected by scraping and lipids were extracted with hexane/diethyl ether (3/1). The lipid extract was dried under a stream of nitrogen and hydrolyzed in 1.5 ml of 1 N methanolic-NaOH at 90º C for 2 hrs.
After addition of 2 ml of water, non-saponifiable lipids (containing alkyl-glycerol), were extracted twice into 3 ml hexane and saponifiable lipids (containing fatty acids) were extracted into hexane after addition of 1 ml of 2 N HCl. The fatty acid composition of the saponifiable lipids was determined by GC after conversion to their methyl esters as described (25). The hexane containing non-saponifiable lipids and alkylglycerol was back extracted with 1 ml of water and dried under nitrogen. Isopropylidene derivatives were prepared by dissolving the alkylglycerol in 1 ml acetone and adding 15 µl perchloric acid (27). After 15 min at room temperature, 2 ml water was added and the isopropylidene glycerol derivatives were extracted twice into 2 ml petroleum ether, combined, dried under nitrogen and dissolved in 50 µl hexane for GC-MS analysis. To prepare acetate derivatives, the dried alkylglycerols were treated with 0.5 ml acetic anhydride and 1 ml pyridine at room temperature overnight. After addition of 2 ml water, the acetate derivatives were extracted into hexane and either analyzed directly by GC-MS or further purified by TLC (R f = 0.80) using a solvent system consisting of hexane/diethyl ether (90/10). Standards of 1-O-hexadecylglycerol and 1-O-octadecylglycerol were similarly derivatized.
Alkylglycerol samples were analyzed on an Agilent 6890N gas chromatograph equipped with a HP5-MS capillary column (30-m x 0.25-mm internal diameter) and 5973 mass selective detector. The injector temperature was 250º C. The initial oven temperature was 120º C; after 2 min, the temperature was increased at 10º per min to 330º C, which was maintained for 5 min. The mass detector was run in the positive chemical ionization mode using methane as reagent gas. The ionizing energy was 150 eV and source temperature was 250° C.
Measurement of total 1-O-alkyl-glycerolipids and 1-O-alkyl-diacylglycerols in keratinocytes:
To measure total 1-O-alkyl-glycerolipids (neutral and phospholipids) in keratinocytes, cells were collected, homogenized in 1 ml water and 0.5 ml was extracted overnight with 5 ml of chloroform/methanol (1/1). Five µg of 1-O-heptadecylglycerol was added as internal standard. The lipids were washed according to Folch et al (23) , dried under nitrogen and treated with 1.5 ml of 1 N methanolic-NaOH for 2 hrs at 90° C.
After cooling to room temperature, 2 ml of water was added and non-saponifiable lipids (including alkylglycerols) were extracted twice into 2 ml hexane, backwashed with water and the combined hexane extracts were dried under a stream of nitrogen. Isopropylidene derivatives of the alkylglycerols were prepared as described above and analyzed by chemical ionization-GC-MS. Alkylglycerols were quantitated against 1-Oheptadecylglycerol as internal standard and expressed as ng alkylglycerol/mg cell protein.
To specifically measure 1-O-alkyl-diacylglycerol, the Folch-washed lipids were separated on a silica TLC plate using a 2-stage solvent system consisting of initial development with hexane/diethyl ether/acetic acid (32.5/17.5/1) to 40% up the plate, 
RESULTS
Activities of FALDH and FAO in cultured keratinocytes from SLS patients were less than 10% of the mean activities measured in normal controls ( Figure 1) . Notably, the FALDH activity in normal keratinocytes was similar to that reported in fibroblasts (24), but the FAO activity in keratinocytes was reduced to about 5-10% of that seen in fibroblasts.
Keratinocyte Fatty Alcohol Content
Analysis of free fatty alcohols in the keratinocytes showed the presence of fibroblasts from SLS patients also demonstrated a large increase in fatty alcohol content compared to controls (Table 1) .
Keratinocyte Lipid Analysis by HPTLC
To detect other possible lipid abnormalities in SLS, lipid extracts of normal and SLS keratinocytes and fibroblasts were screened by HPTLC using two solvent systems, one that separated most major phospholipids and neutral lipids (Table 2) , and a second solvent system that better separated neutral lipids. As shown in Figure 2 , SLS keratinocytes showed a noticeable accumulation of wax esters and a lipid that comigrated with 1-O-alkyl-2,3-diacylglycerol. These two lipids were relatively minor components in normal cells, together accounting for about 1% of the total lipids (Table   2 ). In SLS keratinocytes, wax esters were increased by 5.6-fold and the putative 1-Oalkyl-diacylglycerol was increased by 7.5-fold above normal; together they comprised 6.4% of the total lipids (Table 2 ). In addition, an unidentified lipid, perhaps diester wax, that migrated immediately below the wax ester region in keratinocytes appeared to be increased in the SLS cells ( Figure 2 ). Other lipid classes, including cholesterol, triglycerides and phospholipids, were not significantly different from normal cells.
Unlike keratinocytes, wax esters and 1-O-alkyl-diacylglycerol were not detected in fibroblasts from SLS patients or controls, and the other lipid classes were comparable (Table 2) .
Keratinocyte Wax Ester Analysis
The fatty alcohol and fatty acid composition of the wax esters purified from SLS keratinocytes was determined by gas chromatography. The fatty alcohols corresponded to those that accumulated as free alcohols (16: derived from behenyl-arachidonate wax ester as internal standard, the SLS keratinocytes had 9.6-fold more wax esters than did the normal control cells.
Identification of 1-O-Alkyl-diacylglycerol by GC-MS
The keratinocyte lipid that co-migrated on HPTLC with 1-O-alkyl-2,3-diacylglycerol was collected, subjected to alkaline hydrolysis to release the fatty acids, and the resulting alkylglycerols were converted to isopropylidene derivatives for subsequent analysis by chemical ionization-GC-MS. As shown in Figure 3A and 3B, the hydrolyzed lipid products from SLS and normal keratinocytes were identified as 1-O-pentadecylglycerol 
Measurement of 1-O-alkyl-diacylglycerol lipids by chemical ionization-GC-MS
We measured 1-O-alkyl-diacylglycerol lipids in keratinocytes after purification by TLC, alkaline hydrolysis and conversion of the alkylglycerols to their isopropylidene derivatives. As shown in Table 3 
Metabolism of [3H]-octadecanol in keratinocytes
To investigate metabolism of fatty alcohol in intact cells, SLS and normal keratinocytes were incubated with [3H]-octadecanol and its incorporation into several lipids was measured (Figure 4) . In SLS keratinocytes, there was a significant reduction in the incorporation of radioactivity into fatty acids (24% of normal) and triglycerides (13% of normal), whereas radioactive wax esters and 1-O-alkyl-2,3-diacylglycerol were increased by 2. 
Phospholipid Fatty Acid and DMA Analysis
To search for deficient polyunsaturated fatty acids that are products of delta-6 desaturation (13), we analyzed the fatty acid composition of total phospholipids purified from normal and SLS keratinocytes. No convincing differences were seen in the relative amounts of 18:2 (n-6), 18:3 (n-6), 20:3(n-6) and 20:4(n-6) ( Table 4) . In these analyses, ether bond of the alkyl chain, which is released as fatty aldehyde (35) . Increases in neutral vinyl ether glycerolipids in SLS may theoretically offer protection against oxidative stress, but any benefit would probably be offset by a greater production of detrimental fatty aldehydes that are poorly metabolized due to FALDH deficiency (7).
Hernell et al (13) and others (36) Cholesterol esters 5 ± 3 5 ± 2 4 ± 2 7 ± 2 a p < 0.001, or b p < 0.01 using t-test comparing normal and SLS cells. Figure 3) .
b corresponds to peak 6 in chromatogram (see Figure 3 ). 
